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Abstract
Background: So far, little is known about the genetic diversity and relatedness among Escherichia coli (E. coli)
populations in the gut of swine. Information on this is required to improve modeling studies on antimicrobial
resistance aiming to fight its occurrence and development. This work evaluated the genotype variation of E. coli
isolated from swine fecal samples at the single pig and pen level, as well as between pens using repetitive extragenic
palindromic (REP) PCR fingerprinting and pulsed field gel electrophoresis (PFGE). The genetic diversity of
strains collected from media supplemented with ampicillin or tetracycline was also investigated. Besides, the
genetic relationship of strains within each pen, between pens, as well as among strains within each group
isolated from media with or without antibiotic, was assessed.
Results: REP-PCR patterns (N = 75) were generated for all the isolates (N = 720). Two profiles (REP_2 and REP_5)
dominated, accounting for 23.7 and 23.3% of all isolates, respectively. At the pig and at the pen level, the number of
different strains ranged from two to eight, and from 27 to 31, respectively, and multiple isolates from a single
pen were found to be identical; however, in some of the pens, additional strains occurred at a lower frequency.
E. coli isolates yielding different REP profiles were subjected to PFGE and led to 41 different genotypes which
were also compared.
Conclusions: Despite the presence of dominant strains, our results suggest a high genetic diversity of E. coli
strains exist at the pen level and between pens. Selection with antibiotic seems to not affect the genetic diversity.
The dominant REP profiles were the same found in a previous study in Denmark, which highlights that the same
predominant strains are circulating in pigs of this country and might represent the archetypal E.coli
commensal in pigs.
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Background
It is well known that antimicrobial use in food animals
leads to selection for antimicrobial resistant bacteria [1, 2].
This represents a global concern since the antimicrobial
resistance can jeopardize future treatment of disease in
the food animals [3]. Furthermore, it can lead to spread
of resistant zoonotic bacteria to humans or transfer of
resistance genes harbored in these bacteria to the hu-
man intestinal microbiota [4, 5] causing infections that
may fail to respond to the standard antibiotic treat-
ment, leading to prolonged illness, greater health care
costs, and a higher risk of death [3].
Indicator bacteria such as Escherichia coli constitute a
natural part of the intestinal microbiota of humans, pigs
and other animals, and they are often used to study
development of the resistance level caused by antibiotic
treatment [6], including how treatment affects genetic
diversity [7]. In recent years there have been great im-
provements in our ability to model how antibiotic treat-
ment affects the intestinal microbiota [8–10]. As an
example, a recent modeling study of the effect of tetra-
cycline treatment on the evolution of the E. coli micro-
biota in pigs indicated that the genetic diversity would
be diminished immediately after treatment [8]. The
study highlights the fact that pig production under
intense antibiotic treatment poses a greater threat to
human health, not only because of the selection for
resistant clones, but also due to the reduction in the
sensitive ones, which cannot then compete with the
resistant microbiota for transmission to humans. How-
ever, this and other studies suffer from lack of know-
ledge on how diversity varies naturally in the E. coli
population in pigs, both between pen-mates and be-
tween pens in the same farm. Thus, there is a need to
provide this information, in order to be able to improve
our use of modeling studies in the fight against anti-
microbial resistance.
The scope of this study was to investigate the natural
genotype variation of E. coli in the gut of pigs sharing
the same pen (single pig and pen level, respectively), and
between pigs located in different pens, including how
being resistant to tetracycline or ampicillin affected the
diversity. The genetic relationship of E. coli strains
within each pen, between pens, as well as, among iso-
lates collected from media with or without antibiotic
was assessed.
Methods
Collection and preparation of samples
The present study was conducted on 72 nursery pigs (3–
4 weeks after weaning) located in four different pens (18
pigs per pen) from a Danish farm. The farm was selected
from the catalogue of three Danish specialized veterinary
pig practices from different regions of Denmark. Nursery
pigs were not treated with any antimicrobial. Zinc oxide
(2500 ppm) was administered into the feed for 14 days
after weaning. This farm was included as one out of five
farms in a previous study on genetic diversity of E. coli
between farms [11]. Rectal fecal samples were collected
from all the pigs by trained veterinarians in the spring
of 2012 and were immediately cooled using ice packs
and sent to the laboratory for analysis the following
day. The fecal samples (ca. 1 g) were diluted in saline
solution (0.9% NaCl) and plated on McConkey agar
(Oxoid, Thermo Scientific, Roskilde, Denmark) without
antibiotic, McConkey supplemented with ampicillin
(25 μg/ml) and McConkey supplemented with tetracyc-
line (25 μg/ml) incubated overnight at 37 °C to obtain
E. coli strains. Antibiotics were purchased from Sigma
(Sigma-Aldrich, Copenhagen, Denmark). CFU counts
were performed from ten-fold serial dilutions.
Bacterial isolation and identification
A total of 720 lactose positive, presumptive E. coli col-
onies were randomly selected from the 72 pigs. From
each pig, four colonies were picked from the McConkey
plate with no antibiotic, three from a plate with tetracyc-
line and three from a plate with ampicillin (N = 10). The
species was confirmed by the Microbact Gram negative
identification system 24E™ (Oxoid) according to the
manufacturer’s instructions.
REP-PCR
Each colony was resuspended in 100 μl of sterilized milliQ
water, boiled for 10 min and centrifuged for 5 min at 13000
rev/min. Quantity and quality of DNA was assessed by
agarose gel-electrophoresis using standard techniques [12].
The primers used for the PCR reaction were Rep1R-I (5’-III
ICG ICG ICA TCI GGC-3’) and Rep2-I (5’-ICG ICT TAT
CIG GCC TAC-3’). DNA amplification was performed as
previously described [11, 13] and the annealing temperature
was 48 °C. The PCR reaction (25 μl) contained 50 ng of
template DNA, 3.5 μl of each primer (10 μmol/l stocks),
3.5 μl of Dimethyl Sulfoxide (Sigma-Aldrich) and 13 μl of
DreamTaq Green DNA Polymerase (Thermo Scientific,
Roskilde, Denmark). A negative control (autoclaved milliQ
water) was included in each PCR experiment. Genomic
DNA of E. coli K-12 strain W3110 was used for the
standardization of the REP-PCR reactions, to assess
reproducibility and as a positive control [11]. Gen-
eRuler 1-kb Plus molecular weight marker (Fermen-
tas, Thermo Scientific, Roskilde, Denmark) was loaded
into a well as an external reference standard. The
PCR products underwent 1.2% gel electrophoresis for
3 h under constant 100 V, and visualized under UV-
light after being stained with ethidium bromide (Carl
Roth, Karlsruhe, Germany).
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Genomic macro-restriction pulsed-field gel electrophoresis
(PFGE) analysis
Genomic DNA from isolates representing different REP
profiles was independently typed by PFGE using XbaI
restriction enzyme (New England Biolabs, BioNordika,
Herlev, Denmark, 20000 U/ml; 2 h at 37 °C). The gener-
ated fragments were separated by PFGE, performed in the
CHEF-DR III System (Bio-Rad Laboratories, Copenhagen,
Denmark) under previously described conditions [14].
The strain E. coli 722-1505-26n EC was used as control
(not published).
Statistical analysis
The average number of different strains in each pig within
different pens was compared using one-way ANOVA with
multiple comparisons. A p-value <0.05 was considered
statistically significant. BioNumerics version 7.5 (Applied
Maths, Austin, USA) was used to analyze the REP and
XbaI DNA fingerprints obtained for E. coli isolates. Digital
REP-PCR and PFGE gel images were imported into
BioNumerics and processed using the default settings. For
REP profiles, each gel was normalized using 1-kb Plus
DNA ladder, in the range of 75 to 20,000 bp as an external
reference standard. For XbaI patterns, E. coli 722-1505-
26n EC (not published) was used as reference. DNA fin-
gerprint similarities were calculated using the curve-based
Pearson coefficient with 1% optimization. Dendrograms
were generated using the unweighted-pair-group method
using arithmetic averages (UPGMA). For REP dendro-
grams, isolates of ≥92% similarity were treated as a sin-
gle isolate. Clusters were considered at a 60% similarity
cut-off and sub-clusters at 80% similarity [15, 16].
When studying the PFGE genotype diversity, a mini-
mum similarity cut-off value of 70% was used to estab-
lish clusters [17].
The Shannon diversity index (H′) was used to calculate
the genetic diversity of the E. coli isolates and was
calculated as follows:
H 0 ¼ −
Xs
i¼1
pi lnpi
Here, S is the number of unique genotypes, and pi is
the number of isolates sharing the same genotype i over
the total number of isolates [16]. This measure is also
sometimes referred to as Shannon entropy, and is one
of a spectrum of diversity measurements that differs
in the extent to which the abundance of each genotype
contributes to overall diversity [18].
We also investigated the diversity associated with data
collected from a previous study from the same farm,
where different REP profiles were assigned to 50 col-
onies and analyzed for each of the four pigs included in
that work [11]. To examine the effect of sample size
(number of colonies examined) on the diversity, the full
dataset of 50 colonies from each of four pigs was non-
parametrically bootstrapped (without replacement) to
sample sizes between 1 and 50 with 10,000 bootstrap
iterations. Both Shannon and Simpson’s diversity indices
were calculated for comparison, with the latter calcu-
lated as follows:
Xs
i¼1
pi
2−1
The bootstrapped distribution of diversity was ob-
tained for each sample size and for each of the four
individual pigs, as well as for the combined data from
the four pigs.
Results
Quantification of E. coli in the different media
Results concerning the counts of total E. coli, as well as
the counts of ampicillin and tetracycline resistant bac-
teria, in the fecal samples of every single pig were previ-
ously published [19] and are shown in Additional file 1.
The average CFU/g of total E. coli (media without anti-
biotic) for pen 1, pen 2, pen 3 and pen 4 was 1.3 × 106,
2.8 × 106, 9.5 × 105 and 2.3 × 106, respectively. In media
supplemented with antibiotic the obtained average CFU/
g were: for tetracycline; 1.2 × 106 (91.5% of total number
of E. coli strains), 2.2 × 106 (77.7%), 4.9 × 105 (52,1%) and
1.4 × 106 (58.3%), respectively, and for ampicillin; 3.1 ×
105 (23.5%), 3.6 × 105 (12.9%), 4.8 × 105 (50.1%) and
9.6 × 105 (40.9%), respectively (Additional file 1).
Genetic diversity of E. coli within a single animal and at
the pen level
Ten strains from every single pig were analyzed to de-
termine the extent of diversity within a single animal
(without antibiotic selection and when selecting with
ampicillin or tetracycline). The number of different pat-
terns in a single pig varied from two (two pigs from
pen 4) to eight (one pig from pen 1) (Fig. 1). The pre-
dominant numbers of different strains found in a single
pig were four and five, both shown by 21 pigs, re-
spectively (Additional file 2). REP_2 followed by
REP_5 were the most common profiles, represented
by at least one colony out of 10 colonies analyzed per
animal, in most of the pigs (61 and 54 out 72, re-
spectively) (Additional file 2). The average number of
different strains per pig was 4.65 ± 0.27 and was not
statistically different between the four pens analyzed
(data not shown). Based on bootstrapped diversity
measurements from previous data in the same farm
(Additional file 3), the Shannon and Simpson’s diver-
sity measures increased sharply up to approximately
10 colonies per pig, but then reached a plateau.
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The genetic diversity of E. coli within each pen was an-
alyzed to increase knowledge on strain variety that might
be found between pen from a single farm under regular
intensive pig farming conditions (Table 1). A total of 30,
31, 29 and 27 different REP profiles were observed in
pens 1, 2, 3 and 4, respectively. REP_2 (44, 36, 42 and 49
strains from pen 1, 2, 3 and 4, respectively), REP_4 (46,
19, 36 and 12 strains), REP_5 (31, 57, 35 and 45 strains)
and REP_17 (18, 24, 16 and 21 strains) were present in
all of them. Some profiles were exclusively associated to
a specific pen (Table 1).
To depict the strain diversity and genetic relationship
of E. coli isolates found within a pen, dendrograms of
REP fingerprints were constructed by using the UPGMA
method of tree building. Using the Pearson’s coefficient
for comparison of REP fingerprints, similarity scores
were generated; ranging from 20 to 98% for the isolates
from pigs in pen 1, 20 to 96% for pen 2 isolates, 4.5 to
99% for pen 3 isolates and 5 to 82% for pen 4 isolates.
The E. coli populations isolated from pen 1, pen 2, pen 3
and pen 4 samples were divided into 11, 12, 11 and 10
clusters, respectively (Table 2, Additional file 4). The H′
diversity index calculated for E. coli obtained from each
pen source was very similar (and differences were not
statistically significant) and ranged from 2.28 (pen 1) to
2.37 (pen 3) (Table 2).
Strain diversity between pens
A total of 75 REP profiles were detected among the 72
pigs analyzed (Table 3). The dominant profile among the
four pens was REP_2, represented by 171 strains (23.7%
of the isolates analyzed), followed by REP_5 (168 iso-
lates; 23.3%), REP_4 (113 isolates; 15.7%) and REP_17
(79 isolates; 11%). The rest of the profiles were repre-
sented by between 3.2% of the E. coli strains and 0.1%
(corresponding to only one isolate from one specific
pig). Approximately half of the profiles (46.1%) were rep-
resented by a single isolate (Table 3). In a previous study,
including five Danish farms [11], REP_2 (there termed
P4), REP_5 (there termed P3) and REP_17 (there termed
P2) were also the most commonly found profiles.
A composite dendrogram including all the unique fin-
gerprints (N = 75) from all pens was also obtained.
When the dendrogram was collapsed at 60% similarity
cut-off value [15], it generated 20 clusters (Fig. 2).
Among different clusters, cluster eight contained the lar-
gest number of profiles (N = 12) with DNA fingerprint
similarities ranging from 68 to 99%, followed by cluster
nine (22 profiles, 62 to 91% similarity), cluster 12 (11
profiles, 65 to 96% similarity) and cluster 10 (10 profiles,
68 to 98% similarity). The remaining 17 clusters com-
prised fewer than 10 profiles with fingerprint similarities
ranging from 60 to 91%. The dominant profiles; REP_2,
REP_5 and REP_17 were included in different clusters
(cluster 9, cluster 6 and cluster 12, respectively). In
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Fig. 1 Genetic diversity of E. coli at the pig level. Number of different
E. coli strains (REP profiles) versus number of pigs is shown
Table 1 Genetic diversity of Escherichia coli from nursery pigs at the pen level
Pens REP_profiles (N Colonies)
Pen 1 REP_2 (44), REP_ 3 (2), REP_4 (46), REP_5 (31), REP_6 (3), REP_9 (1), REP_17 (18), REP_ 18 (2),
REP_19 (2), REP_28 (2), REP_30 (1)a, REP_31 (2)a, REP_32 (1)a, REP_35 (1)a, REP_38 (1), REP_39 (1), REP_45 (1), REP_53 (1), REP_56
(2)a, REP_57 (2)a, REP_58 (3)a, REP_59 (1)a, REP_60 (1)a, REP_61 (1), REP_62 (1)a, REP_63 (1), REP_70 (1), REP_72 (1), REP_74 (4)a,
REP_75 (2)a
Pen 2 REP_2 (36), REP_4 (19), REP_5 (57), REP_ 6 (2), REP_10 (2), REP_17 (24),REP_18 (1), REP_19 (8), REP_24 (2), REP_27 (5)a, REP_28 (2),
REP_29 (1), REP_34 (1)a, REP_39 (2), REP_42 (3), REP_47 (1)a, REP_48 (1)a, REP_49 (1)a, REP_ 50 (1)a, REP_51 (1)a, REP_ 52 (1)a,
REP_53 (1), REP_54 (1)a, REP_55 (1)a, REP_63 (1), REP_69 (1)a, REP_70 (1), REP_71 (1)a, REP_ 72 (1), REP_73 (1)a
Pen 3 REP_2 (42), REP_3 (2), REP_4 (36), REP_5 (35), REP_10 (1), REP_17 (16), REP_18 (8), REP_19 (10), REP_20 (2), REP_21 (2), REP_22 (1)a,
REP_23 (2)a, REP_24 (1), REP_25 (1)a, REP_26 (1)a, REP_33 (1)a, REP_36 (3), REP_38 (2), REP_40 (1)a, REP_41 (2)a, REP_42 (2), REP_43
(1)a, REP_44 (1)a, REP_45 (1), REP_46 (1)a, REP_63 (1), REP_66 (1)a, REP_67 (2)a, REP_68 (1)a
Pen 4 REP_1 (3), REP_2 (49), REP_3 (2), REP_4 (12), REP_5 (45), REP_6 (8), REP_ 7 (8)a, REP_8 (1)a, REP_9 (2), REP_10 (2), REP_11 (2)a, REP_12
(1)a, REP_ 13 (2)a, REP_14 (1)a, REP_15 (2)a, REP_ 16 (1)a, REP_17 (21), REP_18 (1), REP_19 (3), REP_20 (2), REP_21 (1), REP_36 (2),
REP_37 (1)a, REP_38 (2), REP_61 (1), REP_64 (1)a, REP_65 (4)a
aprofiles marked with awere pen-specific
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general, the DNA fingerprint similarities observed
ranged from 5 to 99% with an overall Shannon diversity
index of 2.57 (Table 2).
Analysis of the effect of antimicrobial resistance on
strain diversity
The diversity in each group of strains able to grow in
the presence of antibiotic (ampicillin or tetracycline)
was also analyzed (Table 4). Of the total number of
REP profiles detected, 36.8% represented isolates ob-
tained from plates without antibiotics, 53.9% isolates
obtained from plates with ampicillin, and 42.1% iso-
lates from plates with tetracycline, despite more col-
onies (four per pig) were collected and analyzed from
media without antibiotic versus three colonies from
each of the plates with antibiotics. With this in mind,
although statistically non-significant, the highest di-
versity was observed among the strains collected from
media supplemented with ampicillin (41 out of the 75
REP profiles detected) and an H′ index of 2.57, followed
by the tetracycline group (H′ = 2.38) and the group where
no antibiotic was added to the media (H′ =2.01) (Table 2).
The same, already mentioned profiles, REP_2, REP_4,
REP_5 and REP_17 were the dominant ones in each of the
groups, suggesting that they represent strains that are
both ampicillin and tetracycline resistant (Table 4). Al-
though at a very low frequency, a total of 15, 23 and 18
different REP profiles were exclusively found when no
selection was performed and when selecting with either
ampicillin or tetracycline, respectively. Six profiles were
shared only among the ampicillin and tetracycline strains
(Table 4). Individual dendrograms for strains isolated
from media without antibiotic or containing ampicil-
lin or tetracycline were also constructed. A total of
10, 18 and 12 clusters were observed for each of the
groups (Table 2, Additional file 5).
Table 2 Shannon diversity index of each group analyzed
Group/level N isolates N clusters Shannon diversity index
Pen 1 180 11 2.28
Pen 2 180 12 2.27
Pen 3 180 11 2.37
Pen 4 180 10 2.34
Between pens 720 20 2.57
No antibiotica 288 10 2.07
Ampicillina 216 18 2.56
Tetracyclinea 216 12 2.38
aNo antibiotic, ampicillin and tetracycline denote whether colonies were
obtained from plates without or with the mentioned antibiotics
Table 3 REP profiles detected in 72 nursery pigs from a Danish intensive pig farm
REP profile N col (%) REP profile N col (%) REP profile N col (%) REP profile N col (%)
REP_1 3 (0.4%) REP_21 3 (0.4%) REP_41 2 (0.3%) REP_61 2 (0.1%)
REP_2 (P4)a 171 (23.7%) REP_22 1 (0.1%) REP_42 5 (0.7%) REP_62 (P24)b 1 (0.1%)
REP_3 6 (0.8%) REP_23 2 (0.3%) REP_43 1 (0.1%) REP_63 3 (0.4%)
REP_4 113 (15.7%) REP_24 3 (0.4%) REP_44 1 (0.1%) REP_64 1 (0.1%)
REP_5 (P3)a 168 (23.3%) REP_25 1 (0.1%) REP_45 2 (0.3%) REP_65 4 (0.5%)
REP_6 13 (1.8%) REP_26 1 (0.1%) REP_46 1 (0.1%) REP_66 1 (0.1%)
REP_7 8 (1.1%) REP_27 5 (0.7%) REP_47 (P32)b 1 (0.1%) REP_67 2 (0.3%)
REP_8 (P24)b 1 (0.1%) REP_28 4 (0.5%) REP_48 1 (0.1%) REP_68 1 (0.1%)
REP_9 (P26)b 3 (0.4%) REP_29 1 (0.1%) REP_49 1 (0,1%) REP_69 (P31)b 1 (0.1%)
REP_10 5 (0.7%) REP_30 (P25)b 1 (0.1%) REP_50 1 (0.1%) REP_70 2 (0.3%)
REP_11 2 (0.3%) REP_31 2 (0.3%) REP_51 1 (0.1%) REP_71 1 (0.1%)
REP_12 1 (0.1%) REP_32 1 (0.1%) REP_52 1 (0.1%) REP_72 2 (0.3%)
REP_13 2 (0.3%) REP_33 1 (0.1%) REP_53 (P27)b 2 (0.3%) REP_73 (P29)b 1 (0.1%)
REP_14 1 (0.1%) REP_34 1 (0.1%) REP_54 1 (0.1%) REP_74 4 (0.5%)
REP_15 2 (0.3%) REP_35 1 (0.1%) REP_55 (P28)b 1 (0.1%) REP_75 (P35)b 2 (0.3%)
REP_16 1 (0.1%) REP_36 5 (0.7%) REP_56 (P33)b 2 (0.3%)
REP_17 (P2)a 79 (11%) REP_37 (P30)b 1 (0.1%) REP_57 2 (0.3%)
REP_18 12 (1.7%) REP_38 5 (0.7%) REP_58 3 (0.4%)
REP_19 23 (3.2%) REP_39 3 (0.4%) REP_59 1 (0.1%)
REP_20 4 (0.5%) REP_40 1 (0.1%) REP_60 1 (0.1%)
N col number of colonies showing this profile
aprofiles marked with awere also found to be the dominant ones in a previous study on genetic diversity of E. coli between different pig farms [11]
bprofiles marked with bwere exclusively detected in this farm in our previous study [11]
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Fig. 2 (See legend on next page.)
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Analysis of the genetic relatedness of the different REP
profiles by PFGE
E. coli isolates assigned to the different REP profiles (one
per profile) were further subjected to macro-restriction
analysis with XbaI followed by PFGE. Using this method,
they could be distributed into 41 XbaI profiles with X12
(comprised of seven REP profiles), X11 and X3 (com-
prised of six different REP profiles each) and X3 and
X33 (comprised of four REP profiles each) as the most
commonly observed (Fig. 3). The XbaI profiles were
used to construct a dendrogram of similarity (Fig. 3) in
order to investigate the genetic relatedness. At a cut-off
value of 70% [17], the profiles were divided into 22
clusters (Fig. 3). Cluster 14 was the most common
(nine isolates representing the profiles; X12, X11,
X23, X27, X19, X33, X10, X32 and X40) and was the
one encompassing the highest number of REP profiles
(N = 25; 33.3%) (Fig. 3).
Discussion
E. coli represents the predominant aerobic organism in
the gut of pigs and other vertebrates, living in symbiosis
with its host [20]. So far, little is known about the gen-
etic diversity of this naturally occurring species in the
intestine of swine. The genetic structure of commensal
E. coli is determined by multiple host and environmental
factors [20]. Studies on genetic diversity may allow a bet-
ter characterization of the commensal niche and con-
tribute to a better understanding of the genetics of these
populations and their spread, as well as improve the
design of modeling studies.
The main goal of the present study was to investigate
how the genetic diversity of E. coli in fecal samples
differs between pigs sharing the same environment, i.e.,
located in the same pen or in different pens in the same
Danish farm. As well, we analyzed whether bacteria that
were selected to be resistant to ampicillin or tetracycline
would represent a more narrow (less genetically diverse)
population.
REP-PCR was used to assess diversity. This genomic
fingerprinting technique was chosen for several reasons;
i) it generates specific strain patterns obtained by the
amplification of repetitive DNA elements present along
the E. coli genome [21], ii) the technique has proved
more discriminatory than 16S rRNA PCR methods and
restriction fragment length polymorphism [22, 23], and
provides discriminatory power similar to randomly amp-
lified polymorphic DNA (RAPD) [24]. In addition, the
REP protocol is simpler and allows handling of a larger
number of samples than other genomic DNA protocols,
such as pulsed field gel electrophoresis, for molecular
typing [22]. In addition it allowed us to compare our re-
sults to a previous study on genetic diversity of E. coli,
where this technique was used [11].
We analyzed 10 colonies per animal, which according
to the statistical approach performed (Additional file 3)
might be representative of the E. coli diversity of each
pig. Results from this study indicate that a single pig
generally harbors one predominant strain of E. coli ac-
companied by one to a few other strains as previously
observed in single animals such as human, gull and as
previously demonstrated in pigs [11, 25]. While this
(See figure on previous page.)
Fig. 2 Dendrogram showing the relatedness of E. coli strains collected from the 72 pigs isolated in four pens as determined by REP-PCR. A
condensed dendrogram (using a 60% cut-off value) is shown and contains 20 major clusters. DNA fingerprint similarities were calculated by
the curve-based Pearson coefficient, and dendrograms were generated by UPGMA. Dominant profiles previously detected in this farm [11] are
indicated between brackets
Table 4 Genetic diversity depending on antimicrobial selection
Selection/N col REP profiles (N col/N pigs)
No antibiotic/288 REP_2 (41/21), REP_3 (4/2), REP_4 (64/25), REP_5 (92/45), REP_9 (2/2), REP_17 (43/25), REP_18 (3/3), REP_19 (3/2),
REP_28 (1/1), REP_33 (1/1)a, REP_34 (1/1)a, REP_36 (3/1), REP_38 (2/2), REP_39 (3/3)a, REP_61 (1/1), REP_63 (2/2),
REP_64 (1/1)a, REP_65 (4/3)a, REP_66 (1/1)a, REP_67 (2/1)a, REP_68 (1/1)a, REP_69 (1/1)a, REP_70 (2/2)a, REP_71
(1/1)a, REP_72 (2/2)a, REP_73 (1/1)a, REP_74 (4/1)a, REP_75 (2/1)a
Ampicillin/216 REP_2 (66/39), REP_3 (2/1), REP_4 (7/5), REP_5 (46/25), REP_6 (10/8), REP_10 (4/4), REP_15 (1/1), REP_17 (22/15),
REP_18 (6/4), REP_19 (5/5), REP_20 (2/1), REP_21 (2/2), REP_24 (1/1), REP_28 (1/1), REP_36 (2/1), REP_37 (1/1)a,
REP_38 (3/3), REP_40 (1/1)a, REP_41 (2/2)a, REP_42 (5/3)a, REP_43 (1/1)a, REP_44 (1/1)a, REP_45 (2/2)a, REP_46
(1/1)a, REP_47(1/1)a, REP_48 (1/1)a, REP_49 (1/1)a, REP_50 (1/1)a, REP_ 51 (1/1)a, REP_52 (1/1)a, REP_53 (2/2)a,
REP_54 (1/1)a, REP_55 (1/1)a, REP_56 (2/1)a, REP_57 (2/1)a, REP_58 (3/2)a, REP_59 (1/1)a, REP_60 (1/1)a, REP_61
(1/1), REP_62 (1/1)a, REP_63 (1/1)
Tetracycline/216 REP_1 (3/2), REP_2 (64/36), REP_4 (42/17), REP_5 (30/22), REP_6 (3/3), REP_7 (8/4)a, REP_8 (1/1)a, REP_9 (1/1),
REP_10 (1/1), REP_11 (2/1)a, REP_12 (1/1)a, REP_13 (2/1)a, REP_14 (1/1)a, REP_15 (1/1), REP_16 (1/1)a, REP_17
(14/12), REP_18 (3/2), REP_19 (15/11), REP_20 (2/2), REP_21 (1/1), REP_22 (1/1)a, REP_23 (2/1)a, REP_24 (2/2),
REP_25 (1/1)a, REP_26 (1/1)a, REP_27 (5/2)a, REP_28 (2/2), REP_29 (1/1)a, REP_30 (1/1)a, REP_31 (2/1)a, REP_32
(1/1)a, REP_35 (1/1)a
N col number of colonies, N pigs number of pigs
aprofiles marked with awere specific for each of the groups of isolates (collected from media without antibiotic or supplemented with ampicillin or tetracycline)
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limited number of different strains was observed at the
animal level, REP-PCR DNA fingerprint analysis re-
vealed extensive genetic diversity among E. coli strains
isolated from different pigs regardless of whether they
shared the same pen or not. The high genetic diversity
displayed by E. coli was also demonstrated in humans
and other animals such as cows, coyotes, sheep and
goats in previous studies [16, 26–28].
The target farm of this work was also included in a
previous study, encompassing five Danish farms, where
fecal samples from four nursery pigs per farm were col-
lected and 50 E. coli colonies per pig were analyzed by
REP-PCR in order to assess the genetic diversity [11].
Among the five farms, this particular one (termed farm
4 in the previous study) was unique because nursery pigs
did not receive antimicrobial treatment (they were
Fig. 3 Dendrogram showing the relatedness between the 41 XbaI profiles derived from the 75 different E. coli strains (REP profiles) found in this
study. At a cut-off value of 70%, 22 major clusters were obtained. REP profiles associated to each of the XbaI patterns are indicated between brackets
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treated with Zinc oxide only) and, therefore, it was se-
lected to perform the present work. For this specific
farm, 21 different REP profiles were observed, 12 exclu-
sively found in this farm, being the one (out of the five
analyzed) showing the highest diversity. In the current
study, a total of 75 different REP profiles were observed,
showing that the number of different strains increases
when the total number of pigs and colonies is higher (72
pigs and 720 colonies). In our previous study, we specu-
lated that the higher diversity observed in this farm
compared to the rest of the farms was due to the lack of
antimicrobial treatment of the pigs over the nursery
period (only Zinc oxide was administered). However, in
contrast to this premise, in the current work, when ana-
lyzing the effect of antimicrobial pressure selection on
genetic diversity, it was observed, that apparently the
majority of profiles are represented by strains that are
resistant to either ampicillin or tetracycline or both. It is
indicated to study how treatment affects diversity of the
microbiota, but apparently even pigs that have not
undergone treatment carry a high proportion of resistant
strains, probably because such strains are wide spread in
the pig industry.
To our knowledge, there is no information on how
Zinc oxide might affect the E. coli diversity in the gut of
pigs, and, since all the pigs in this and our previous
study were treated with Zinc oxide, we cannot determine
whether administration of this product could have an
impact on diversity.
Even though a high diversity was observed, among the
75 different REP profiles obtained, four profiles were
found to be very dominant and to represent 73.7% of the
total number of strains analyzed. Therefore, we interpret
these strains to be the archetypal commensal E. coli, and
it would be of great relevance to sequence the isolates in
order to identify common factors that set them aside
from the other less frequent types. This is supported by
the fact that the same dominant profiles REP_2 (23.7%),
REP_5 (23.3%) and REP_17 (11%), designated; P4
(24.5%), P3 (28%) and P2 (16%), respectively, were ob-
served in our previous study and at similar proportions.
It has been reported that a strong selection takes place
following excretion into the environment and that cer-
tain E. coli types can form stable populations [29] which
could explain the establishment of dominant E. coli
genotypes. Other factors such as a common diet may
also explain the occurrence of dominant clones [29, 30].
The different REP profiles were represented by a total
of 41 XbaI patterns, and also here a few patterns domi-
nated. These results demonstrated that there is not a
correlation between REP profiles and PFGE patterns and
emphasize the importance of considering the resolving
power of the technique being used when assessing strain
diversity as previously demonstrated [17].
Conclusions
In conclusion; this study was carried out to study the
genetic diversity and relatedness among E. coli strains in
the gut of nursery pigs. Overall we found REP_ 2, REP_5
and REP_17 to be the most common profiles among all
the isolates, in accordance with a previous study [11].
These findings strongly suggest that these strains are the
ones predominantly circulating in Danish farms and
might be the archetypal commensal E. coli in the gut of
pigs. Even though some isolates were predominant, and
a limited number of profiles were found at the single
animal level, we observed a high genetic diversity among
E. coli strains isolated from different pigs regardless of
whether they shared the same pen or not as previously
demonstrated in other hosts [16, 26–28]. We also
showed that apparently the majority of profiles were rep-
resented by strains that are resistant to either ampicillin
or tetracycline or both. A correlation between REP and
PFGE profiles was not detected highlighting the rele-
vance of choosing the appropriate technique when ana-
lyzing diversity. Here, we suggest a good approach to
assess diversity: REP-PCR for strain typing followed by
PFGE analysis to study the relationship between the
REP-PCR patterns.
Availability of supporting data
We have not deposited additional or supporting data
online. We show data relevant for the present study in
the Additional files 1, 2, 3, 4 and 5.
Additional files
Additional file 1: CFU/g of E. coli in the fecal samples of pigs. (XLSX 18 kb)
Additional file 2: Genetic diversity found in each single pig analyzed in
this study. 10 colonies were isolated from each animal (four from media
without antibiotic and three from media with ampicillin or tetracycline,
respectively). 18 pigs per pen (N = 4) were included in the study. Number
of colonies assigned to every REP profile detected is indicated between
brackets. (TIFF 662 kb)
Additional file 3: The distribution of E. coli diversity obtained using a
non-parametric bootstrap procedure to calculate diversity of a randomly
chosen subset of 50 colonies each from four pigs based on different
sample sizes. Diversity is calculated according to both Shannon and
Simpson’s diversity indices. Black dots show the mean estimates, and
bars show the 95% confidence intervals obtained from 10,000 bootstrap
iterations. (PPTX 5362 kb)
Additional file 4: Dendrograms showing the relatedness of E. coli
strains within each pen. (PPTX 5421 kb)
Additional file 5: Dendrograms showing the relatedness of E. coli
strains within each group of strains (isolated from media with or without
antibiotic). (PPTX 5392 kb)
Abbreviations
H′: Shannon diversity index; N: Number; N col: Number of colonies; PFGE: Pulsed
field gel electrophoresis; RAPD: Randomly amplified polymorphic DNA;
REP-PCR: Repetitive extragenic palindromic-polymerase chain reaction
Herrero-Fresno et al. BMC Microbiology  (2017) 17:5 Page 9 of 10
Acknowledgments
Authors of this manuscript would like to thank, Gunilla Veslemøy Schmidt for
helping with the collecting of the samples, as well as, Tony Poul Bønnelycke
and Pia Rønnov Mortensen for their technical assistance.
Funding
This study has been supported by the project “Minimizing Antibiotic
Resistance Development-MINIRESIST” funded by the Danish Council (DFS)
grant number 0603-00358B.’
Availability of data and materials
All data generated or analysed during this study are included in this published
article [and its supplementary information files].
Authors’ contributions
AHF and JEO conceived the study. AHF, MHH, CZ and SA performed experiments.
AHF and JEO, participated in study design and provided critical advice. AHF, SA
and JEO analyzed the data and AHF wrote the first draft of the manuscript. MD
performed the non-parametric bootstrapping procedure. All authors discussed
the results and commented on the manuscript. All authors read and approved
the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Not applicable.
Author details
1Department of Veterinary Disease Biology, Faculty of Health and Medical
Sciences, University of Copenhagen, Frederiksberg, Denmark. 2Department of
Large Animal Sciences, Faculty of Health and Medical Sciences, University of
Copenhagen, Frederiksberg, Denmark.
Received: 28 April 2016 Accepted: 12 December 2016
References
1. Mellon M, Benbrook C, Benbrook KL. Hogging it: estimates of antimicrobial
abuse in livestock. Cambridge: UCS Publications; 2001.
2. Levy SB, Marshall B. Antibacterial resistance worldwide: causes, challenges
and responses. Nat Med Rev. 2004;10:122–9.
3. World Health Organization (WHO). Antimicrobial resistance. 2015. http://
www.who.int/mediacentre/factsheets/fs194/en/.
4. Van den Bogaard AE, Stobberingh EE. Epidemiology of resistance to
antibiotics. Links between animals and humans. Int J Antimicrob Agents.
2000;14:327–35.
5. Marshall BM, Levy SB. Food animals and antimicrobials: impacts on human
health. Clin Microbiol Rev. 2011;24:718–33.
6. Bager F, Aarestrup FM, Jensen NE, Madsen M, Meyling A, Wegener HC.
Design of a system for monitoring antimicrobial resistance in pathogenic,
zoonotic and indicator bacteria from food animals. Acta Vet Scand Suppl
Rev. 1999;92:77–86.
7. Scott TM, Rose JB, Jenkins TM, Farrah SR, Lukasik J. Microbial source tracking:
current methodology and future directions. Appl Env Microb. 2002;68:
5796–803.
8. Græsbøll K, Nielsen SS, Toft N, Christiansen LE. How fitness reduced, antimicrobial
resistant bacteria survive and spread: a multiple pig-multiple bacterial strain
model. PLoS One. 2014;9:e100458.
9. Ahmad A, Græsbøll K, Christiansen LE, Toft N, Matthews L, Nielsen SS.
Pharmacokinetic-pharmacodynamic model to evaluate intramuscular
tetracycline treatment protocols to prevent antimicrobial resistance in
pigs. Antimicrob Agents Chemother. 2015;59:1634–42.
10. Ahmad A, Zachariasen C, Christiansen LE, Græsbøll K, Toft N, Matthews L,
Damborg P, Agersø Y, Olsen JE, Nielsen SS. Pharmacodynamic modelling of
in vitro activity of tetracycline against a representative, naturally occurring
population of porcine Escherichia coli. Acta Vet Scand. 2015;57:79.
11. Herrero-Fresno A, Larsen I, Olsen JE. Genetic relatedness of commensal
Escherichia coli from nursery pigs in intensive pig production in Denmark
and molecular characterization of genetically different strains. J Appl
Microbiol. 2015;119:342–53.
12. Methods for determining DNA yield concentration. https://promega.
wordpress.com/2012/05/21/. Accessed 3 Mar 2016.
13. Mohapatra BR, Broersma K, Mazumder A. Comparison of five rep-PCR
genomic fingerprinting methods for differentiation of fecal Escherichia
coli from humans, poultry, and wild birds. FEMS Microbiol Lett. 2007;
277:98–106.
14. Perkins JD, Heath JD, Sharma BR, Weinstock GM. XbaI and BlnI genomic
cleavage maps of Escherichia coli K-12 strain MG1655 and comparative
analysis of other strains. J Mol Biol. 1993;232:419–45.
15. Dos Anjos Borges LG, Dalla Vechia V, Corção G. Characterisation and genetic
diversity via REP-PCR of Escherichia coli isolates from polluted waters in
southern Brazil. FEMS Microbiol Ecol. 2003;45:173–80.
16. Chandran A, Mazumder A. Prevalence of diarrhea-associated virulence
genes and genetic diversity in Escherichia coli isolates from fecal material
of various animal hosts. Appl Environ Microbiol. 2013;79:7371–80.
17. Casarez EA, Pillai SD, Di Giovanni GD. Genotype diversity of Escherichia coli
isolates in natural waters determined by PFGE and ERIC-PCR. Water Res.
2007;41:3643–8.
18. Mather AE, Matthews L, Mellor DJ, Reeve R, Denwood MJ, Boerlin P, Reid-Smith
RJ, Brown DJ, Coia JE, Browning LM, Haydon DT, Reid SW. An ecological
approach to assessing the epidemiology of antimicrobial resistance in
animal and human populations. Proc Biol Sci. 2012;279:1630–9.
19. Schmidt GV, Mellerup A, Christiansen LE, Ståhl M, Olsen JE, Angen Ø.
Sampling and pooling methods for capturing herd level antibiotic
resistance in swine feces using qPCR and CFU approaches. PLoS One. 2015;
10:e0131672.
20. Tenaillon O, Skurnik D, Picard B, Denamur E. The population genetics of
commensal Escherichia coli. Nat Rev Microbiol. 2010;8:207–17.
21. Versalovic J, Koeuth T, Lupski JR. Distribution of repetitive DNA sequences
in eubacteria and application to fingerprinting of bacterial genomes.
Nucleic Acids Res. 1991;19:6823–31.
22. Sander A, Ruess M, Bereswill S, Schuppler M, Steinbrueckner B. Comparison
of different DNA fingerprinting techniques for molecular typing of Bartonella
henselae isolates. J Clin Microbiol. 1998;36:2973–81.
23. Abd-El-Haleem D, Layton AC, Sayler GS. Long PCR-amplified rDNA for PCR-
RFLP and rep-PCR-based approaches to recognize closely related microbial
species. J Microbiol Methods. 2002;49:315–9.
24. Patton TG, Katz S, Sobiesk RJ, Crupper SS. Genotyping of clinical Serratia
marcescens isolates: a comparison of PCR-based methods. FEMS Microbiol
Lett. 2001;194:19–25.
25. McLellan SL, Daniels AD, Salmore AK. Genetic characterization of Escherichia coli
populations from host sources of fecal pollution by using DNA fingerprinting.
Appl Environ Microbiol. 2003;69:2587–94.
26. Hoffmann SA, Pieretti GG, Fiorini A, Patussi EV, Cardoso RF, Mikcha JM.
Shiga-toxin genes and genetic diversity of Escherichia coli isolated from
pasteurized cow milk in Brazil. J Food Sci. 2014;79:1175–80.
27. Johnson LK, Brown MB, Carruthers EA, Ferguson JA, Dombek PE, Sadowsky
MJ. Sample size, library composition, and genotypic diversity among
natural populations of Escherichia coli from different animals influence
accuracy of determining sources of fecal pollution. Appl Environ
Microbiol. 2004;70:4478–85.
28. Anderson MA, Whitlock JE, Harwood VJ. Diversity and distribution of Escherichia
coli genotypes and antibiotic resistance phenotypes in feces of humans, cattle,
and horses. Appl Environ Microbiol. 2006;72:6914–22.
29. Byappanahalli MN, Whitman RL, Shively DA, Ferguson J, Ishii S, Sadowsky M.
Population structure of Cladophora-borne Escherichia coli in nearshore water of
Lake Michigan. Water Res. 2007;41:3649–54.
30. Gordon DM. Geographical structure and host specificity in bacteria and the
implications for tracing the source of coliform contamination. Microbiol.
2001;147:1079–85.
Herrero-Fresno et al. BMC Microbiology  (2017) 17:5 Page 10 of 10
